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Abstract
This research describes the design, fabrication and performance of an optoﬂuidic 3D microlens reconﬁgurable
by hydrodynamic ﬂow rate adjustments. The microﬂow device is realized by standard single-layer micromachining
of the photoresist SU-8 on a silicon substrate. On-chip waveguides and microgrooves designed for the insertion of
multimode glass ﬁbers are integrated to serve as optical interconnection for incident light coupling and detection. The
laminar ﬂow regime in the structured microchannel and the use of two transparent ﬂuids with diﬀerent refractive in-
dices enable smooth optical interfaces useful for the creation of optoﬂuidic elements. The inertial microﬂuidic eﬀects
occurring in the channels allow the generation of a multiconvex 3D microlens. By altering the input ﬂow rates the lens
shape with diﬀerent lens radii in the lateral and normal direction is adjusted. To conﬁrm the ﬂuid dynamic simulations
and to three-dimensionally characterize the microﬂow system we conducted confocal laser scanning and ﬂuorescent
sample measurements. The unique features of this optical chip oﬀer a novel 3D light focusing system attractive for
enhanced low-cost cell parameter screening without the use of bulky/expensive single photon counting units.
© 2010 Published by Elsevier Ltd.
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1. Introduction
Operators of integrated microdevices for analytical bioassays often have to accept the fact that the traditional ad-
justable optics used for excitation/detection light guidance and focusing are expensive and bulky and therefore not
miniaturizable. In the last years many unique solutions have been developed in order to allow the integration of optics
on-chip [1]. Through the integration of on-chip waveguides and ﬁber insertion microgrooves light guidance and cou-
pling is strongly simpliﬁed. Light exiting the ﬁber or waveguide is divergent deﬁned by the numerical aperture NA. In
a microﬂow cytometer where single cells are individually passing through the inspection zone it is necessary that the
beam diameter is limited. Therefore, on-chip 2D lensing with a focal spotsize twice the size of the cell can provide
a siginiﬁcant higher measurement sensitivity. A ﬂuidic lensing system can further compensate fabricational diﬃcul-
ties since there is no simple possibility to integrate a three-dimensional lens by 2 1/2-D silicon micromachining. 2D
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Figure 1: (a) Schematic of the optoﬂuidic lens chip with integrated waveguides. (b) Development of the convex ﬂuid interface due to the secondary
ﬂow (Dean Eﬀect) in curved channels.
optoﬂuidic lens devices have been presented ([2], [3]) by other groups. The ﬁrst reconﬁgurable liquid-core/liquid-
cladding (L2) lens prototype was recently published by us with proof-of-principle experiments ([4]). These mea-
surements showed the adjustability of the lens fabricated in a simple, easy-to-package way. The applicability of this
creative lens-shaping method allows signiﬁcant downsizing of adaptable optics in various categories, e.g. bioassays,
commerical lab instruments, and consumer optics.
In the current study we present an advanced single layer design in SU-8 and extensive characterization results.
Fig.1a shows the design of the microﬂuidic chip with the ﬂuidic ports (1x lens body, 2x cladding inlets and 1x outlet)
and the optical interconnections. The laminar ﬂow regime resulting in a Reynolds number Re ≈ 1 provides the basis
for the ﬂuidic lens as inertial and viscous forces are both present ([5]). Therefore, the full Navier-Stokes equation is
required to solve the ﬂuidic problem numerically:
ρ (∂u/∂t + u∇u) = −∇p + η∇2u + f (1)
The ﬂuid velocity ﬁeld is deﬁned as u, p is the pressure ﬁeld and f is the body forces vector ﬁeld inﬂuencing the
ﬂuid elements. Due to the parabolic ﬂow velocity proﬁle and the non-negligible inertia, a secondary ﬂow emerges in
a curved channel shaping the interface of the ﬂuids (Fig.1b). The tunable ﬂuidic lens body is realized in two steps. By
using the centrifugal eﬀect at both 90◦ corners of the channels the interface between sample and sheath ﬂow arches to
convex form. After merging the two streams a single biconvex form in the vertical channel direction originates. The
expansion chamber causes the deceleration of the stream developing a lateral biconvex shape of the microﬂuidic lens.
2. Fabrication
The optoﬂuidic lens system was fabricated by a simple lithographic silicon micromachining technique. Brieﬂy, the
optoﬂuidic elements (channels and waveguides) were fabricated in the negative photosensitive epoxy resist SU-8 on a
standard 4-inch silicon wafer in a two mask process. First, the ﬂuidic inlet holes were anisotropically backside etched
by a 40% w/w KOH solution. The square inlet holes as well as the outlet had an edge length of 250 μm. The silicon
nitride layer on the front side of the wafer worked as an automatic etch stop. The second lithographic step applying a
double-side mask aligner was used to structure the transparent photoresist SU-8 on top of the silicon substrate. After
soft-bake, cleaning and hard-bake steps a homogenous distribution with a ﬁlm thickness of 80 μm was achieved. The
channel width at the 90◦ bends was 55 μm and after the combination the width was 120 μm. The expansion chamber
is 600 μm which results in an expansion factor of 5. A PDMS cover lid (15x15 mm2, thickness = 0.5 mm) bonded
to a Pyrex glass slide was used as a waterproof gasket sheet on top of the microﬂuidic chip. The total area of the
resulting microﬂuidic device was 9x13 mm2. We successfully fabricated smooth sidewalls and reproducible high
quality structures (lens chamber and 90◦ bends) as displayed in Fig.2.
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Figure 2: (a) Schematic cross-section of the microﬂow device. (b) Detailed SEM images of the fabricated single-layer chip.
3. Results and Discussion
The ﬂuid conditions (optical channel geometry, velocity distribution) and the resulting focusing eﬀect were re-
cently determined by CFD/raytracing simulations and proof-of-principle experiments [4]. In the light focusing area
we realized 3D focusing by choosing transparent ﬂuids with diﬀerent refractive indices (Lens Body = Benzyl Alcohol
n = 1.54, Cladding = Ethanol / DI-water solution n = 1.34). For chip characterization purposes we inserted multi-
mode glass ﬁbers to couple the excitation laser light (λ = 532 nm, PCW = 5 mW) into the on-chip waveguides. The
ﬂuorophore Rhodamine B was added to both ﬂuids to illuminate the light path. The microdevice was placed on a
custom-made plastics holder where the ﬂuidic interconnection was achieved from the silicon backside via tubing/o-
ring sealing and the top-sealing via the PDMS/pyrex layer. The pressure-driven ﬂow was adjusted with syringe pumps
(Chemyx Fusion 200). Fig.3 illustrates the lens formation in the expansion chamber by illuminating the light path and
displaying the ﬂuid interfaces. To further evaluate these results and determine the performance of the 3D lens shaping
confocal laser scanning microscopy experiments (Nikon Eclipse C1 Plus) were conducted. Therefore, Rhodamine
B was added to the lens body ﬂuid (Benzyl Alcohol) to display the lens shape (Fig.4a). The measurements at three
cross-sections (A,B,C are also depicted in Fig.3) illustrate the excellent performance of the design and conﬁrm the
ﬂuid shapes obtained through simulations.
One of the main features of optoﬂuidic lens systems is the tunability. To evaluate the performance we altered the
ﬂow rates of the left/right cladding streams (QRight = 80 μl/min - QLeft) at a constant lens body ﬂow rate (QLens = 20
Figure 3: Micrograph of the channel structure operated with ﬂuid conditions QBody = 40, QCladding = 80 μl/min excited light path.
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Figure 4: (a) Cross-sectional micrographs at diﬀerent positions in the channel obtained by confocal laser scanning microscopy. (b) Left/Right
curvature radius reconﬁguration due to cladding ﬂow rate changes (QLens = 20 μl/min, QRight = 80 μl/min - QLeft).
μl/min). We succeeded in reconﬁguring the lens curvature from biconvex (QRight = QLeft = 40 μl/min) to planoconvex
(QRight = 20 (60), QLeft = 60 (20) μl/min) (Fig.4b). Even though the response time from sinistral-planoconvex to
dextral-planoconvex is 5 seconds, the system provides signiﬁcant advantages in comparison to bulky external high-
speed light focusing lenses because it enables optical features that would be not possible with solid optical elements.
4. Conclusions
We have realized a novel microﬂuidic device with 3D light focusing characteristics fabricated by standard silicon
micromachining. The ﬂuid channel design enables the generation and reconﬁgurability of an optoﬂuidic lens capable
of focusing the light three-dimensionally. The lens body was visualized by adding a ﬂuorophore to the transparent
lens body ﬂuid and detecting the ﬂuorescence in 3D by confocal laser scanning microscopy. Furthermore, the ability
to alter the lens curvatures was sucessfully tested by adjusting the curvature from biconvex over planoconvex to
convex/concave. This creative design allows the integration of an independent, fully adjustable 3D lens which could
signiﬁcantly improve the optical path in bioanalytical instruments.
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